Seroagglutination (SAT), enzyme-linked immunosorbent assay (ELISA), and indirect fluorescent antibody staining tests (IFAT) were compared for reliability in the detection of pilus antigens K99, K88, and 987P of Escherichia coli. Test sensitivities were compared using mixtures of piliated bacteria of several strains diluted to a constant optical density with a nonpiliated strain. Relative sensitivities and specificities of the 3 tests were also compared using 55 E. coli strains that had previously been serotyped and characterized for pilus genes by DNA probe. Although specificity was not a serious problem with any of the tests, the SAT was relatively nonsensitive. The IFAT showed the greatest sensitivity of the 3 tests in detecting K88, K99, and 987P
Enterotoxigenic Escherichia coli (ETEC) that infect pigs, calves, and lambs may be identified by their possession of adherence pili. 4, 11 Seroagglutination tests (SAT), 4,10 enzyme-linked immunosorbent assay (ELISA),* indirect fluorescent antibody tests (IFAT), and DNA probes 1 , 1 5 , 1 6 have been used to detect pilus antigens or the genes that encode for them. However, because of the ease of its use and a history of its use in serotyping, SAT has been widely used in identifying ETEC isolated from diarrheic animals.
Inconsistent results of the SAT in serotyping field isolates of E. coli at the South Dakota Animal Disease
Research and Diagnostic Laboratory suggested that this test was unreliable for the detection of K99, K88, and 987P pilus antigens. The objective of this study was to determine whether ELISA or IFAT were preferable for routine diagnostic serotyping of field isolates of E.
to amount of pilus antigen produced. Fifty of the 55 strains a encoded for 1 or another of the 3 antigens. Five strains encoded for 2 pilus antigens. Each pilus was represented by 20 strains. Each strain served as a negative control for the pilus types it did not encode for. For test evaluation, bacteria were suspended in phosphate-buffered saline (PBS), pH 7.4, to an optical density (OD) of 2.0 at 520 nm. Preliminary work has shown that this concentration is optimal for pilus antigen detection with the 3 tests to be compared in this study. Antisera. All antisera used were prepared by us, with the exception of K99 monoclonal antibodies. b Mouse monoclonal antibodies to K88 and 987P were prepared as previously described 9 using partially purified pili as immunogens. Rabbit polyclonal antibodies to K88 were prepared and absorbed as previously described. 17 Medium. Essential salt agar (E agar) 7 was used because the results of preliminary work, as well as previous study,' indicated that E agar favorably promoted expression of the 3 pilus antigens.
Materials and methods

Tests evaluated Materials
Strains. Bacterial strains utilized in this study were divided into 2 groups. One group consisted of 3 well-characterizedstrains (B41,0101: K99; 3030-2,0157: K88; and 1194, 0141:987P) known to consistently produce pili in concentrations easily detectable by each of the 3 tests under consideration and a negative control strain (K12, strain 711).
The other group consisted of 55 E. coli strains a that had been previously serotyped and genetically characterized by DNA probes for K99, K88, and 987P but uncharacterized relative Plate seroagglutination tests. These tests for K99, K88, and 987P were performed by a modification of the procedure of Glantz 10 in multiwell disposable trays. c 7 Trays were agitated for 5 min at 140 RPM on a horizontal platform rotator. d Agglutination test results were evaluated with a desk lamp. Results were interpreted as positive if there was visible agglutination in the test well in the absence of agglutination of the auto control (no antibody added) and were graded from 1 + (weakest reaction) to 4+ (strongest reaction). Results were interpreted as negative if there was no visible agglutination in the test well or auto control well and as inconclusive if there was visible agglutination in both the test well and auto control well. For the K99 and 987P SAT, monoclonal antibodies were used. However, because the K88 monoclonal antibodies from our own laboratory and elsewhere e,f were nonagglutinating, an absorbed polyclonal antiserum for K88 was used.
ELISA. For K99 and 987P testing, unconjugated monoclonal antibody was used as a capture antibody, and peroxidase-conjugated monoclonal antibody was used as a detection antibody. For K88 testing, polyclonal antibody was used as the capture antibody, and monoclonal antibody followed by commercial peroxidase-conjugated anti-mouse immune globuling was used as the detection system. This indirect ELISA was used for K88 because the horseradishperoxidase conjugate of our K88 monoclonal antibodies was unstable. All test and control strains were tested in quadruplicate and evaluated in a spectrophotometer h at dual wavelengths of 414 and 450 nm. Positive test values from piliated strains were defined as those values greater than the mean plus 3 times the standard deviation of the OD test values of the negative controls strains.
Indirectjluorescent antibody test (IFAT). Bacterial smears
for pilus testing were prepared and subjected to immunofluorescent staining as previously described. 4, 6 Tests were interpreted as positive if there were 5 fluorescing bacterial cells observed after a 3-min scanning time at 400 x magnification and were graded from 1 + to 4+ (smallest to largest number of fluorescing cells).
Results
Test sensitivities using well-characterized strains
A study was performed to compare the sensitivity of each test using the well-characterized strains (B41, 3030-2, 1194). Doubled dilutions of piliated cells diluted to a constant concentration (2.0 OD at 520 nm) with a nonpiliated strain (K12) were tested using SAT, ELISA, and IFAT. Concentrations prepared presumed 100% piliation of bacteria of the well-characterized strains. Bacteria with K99 pili (B41) or K88 pili (3030-2) were detectable by ELISA and IFAT to a minimum concentration of 0.8% piliated cells, whereas these bacteria were only detectable by SAT to a concentration of 12.5% piliated cells (Fig. 1) . Bacteria with 987P pili (1194) were detectable by ELISA and IFAT to a concentration of 1.6% and 0.8% piliated cells, respectively, whereas they were only detectable by SAT to a con- centration of 25% piliated cells. For these well-characterized strains (B41, 3030-2, 1194), the ELISA and the IFAT were 16.32.fold more sensitive than the SAT.
Test sensitivity and specificity using DNA probe-tested strains
Culture suspensions of the 55 E. coli strains that had been previously characterized by DNA probes for pilus genes were randomized to preclude investigator bias and were tested for K99, K88, and 987P pilus production by SAT, ELISA, and IFAT. Results of the 3 tests were compared for consistency with DNA probe data, and inconsistencies between DNA probe and SAT, ELISA, or IFAT were the basis for evaluating the merit of the 3 tests (Table 1) . Any SAT, ELISA, or IFAT positive test result from a DNA probe-negative stain was considered a false positive result. Any SAT, ELISA, or IFAT negative test result from a DNA probe-positive strain was considered a false negative result. There was only 1 false positive result in the study. The mean ELISA OD value for the test of 1 strain for 987P was slightly higher (0.133) than the designated break point (0.10 1) for negative values (the mean ELISA OD of DNA probe-negative strains + 3 x the standard deviation).
Some strains yielded false negative results with all 3 tests. However, the SAT consistently produced the greatest number of false negative results, with 30% for K99 and K88 and 75% for 987P. In addition, 5% of strains autoagglutinated when tested by SAT; thus, the percentage of SAT results that were in agreement with DNA probe test results was even lower than suggested by the false negative rates. The IFAT had a false negative rate equal to that of the ELISA when testing for K88 but lower than the ELISA when testing for K99 or 987P.
Discussion
Detection of pilus antigens is highly dependent upon test sensitivity, as there can be great variability in pilus antigen expressed depending on factors intrinsic and extrinsic to the organism. Factors that can influence degree of pilus expression include inheritable expression control, 2 phase variation in antigen expression, 2,13 substrate constituents, 5, 7 pH and temperature of incubation, 3, 6, 12 and perhaps other unknown factors.
Detection of pilus antigens is also dependent on overcoming physical or electrical charge barriers such as capsular masking of pili 4, 12 or hydrophobicity. 14 In addition, specificity and sensitivity of tests used to identify pili are dependent upon reagents (specifically antisera), detection and amplication systems, physical environment of the test reaction, and interpretation of results. Variables common to SAT, ELISA, and IFAT (antisera, antigen concentration, medium used, time and temperature of incubation) in the present study were optimized and controlled to compare sensitivity and specificity of the 3 tests. Test sensitivity and specificity were evaluated in terms of false negatives, which indicate lack of sensitivity, and false positives, which indicate lack of specificity.
Only one false positive result was obtained in testing the 55 DNA-probed field strains and, therefore, we concluded that all 3 tests evaluated were highly specific. The false positive result was obtained using the ELISA test for 987P and was most likely due to a wide variability in OD values (range 0.029-0.133) with the negative strains tested. This variability generated a high standard deviation for the negative controls thereby decreasing test specificity.
False negative results for the 3 tests varied from 75% to 5%; the SAT was least sensitive and the IFAT was most sensitive in identifying all 3 pilus antigens. Not only did the SAT lack sensitivity in detecting some of the types of pilus antigens but it also yielded inconclusive results because of the problem of autoagglutination for 3 strains tested.
The SAT is less sensitive than ELISA or IFAT probably because it is dependent upon a high percentage of piliated cells for the formation of aggregates of bacteria, whereas the ELISA and IFAT are not. Aggregate formation is apparently blocked by the presence of nonpiliated bacterial cells. Low numbers of piliated bacteria may be present in some cultures of E. coli because of phase shift favoring the nonpiliated form.
The results of this study indicate that the SAT should not be used for identification of pilus antigens on uncharacterized strains. However, the SAT may be used for the rapid screening of cultures of characterized strains known to produce high concentrations of pili. For routine diagnostic serotyping of E. coli, the IFAT may be the test of choice, as it was shown to be more sensitive and specific than the ELISA overall and offers the advantage of being more easily controlled. A SRV sible weakness of the IFAT is that it is a subjective test requiring an experienced technician. When quantitation of pilus expression is necessary, the ELISA test is the test of choice.
The comparison of SAT, ELISA, and IFAT for K99, K88, and 987P pilus antigens indicates that although the SAT may be a rapid and useful test in specific situations, it should not be relied upon to identify pilus antigens on uncharacterized strains. For routine diagnostic serotyping of E. coli, the IFAT appears to be the most sensitive and specific of the 3 tests compared. 
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